INTRODUCTION {#SEC1}
============

DAB2IP, also known as apoptosis signal-regulating kinase 1-interacting protein-1 (AIP1), is a Ras-GTPase activating factor and a tumor suppressor. It is often downregulated by epigenetic silencing in many advanced cancer types ([@B1]--[@B5]). DAB2IP is a scaffold protein that bridges both survival and death signaling cascades to maintain a state of cellular homeostasis through suppression of the PI3K-Akt pathway and enhancement of ASK1-JNK-mediated apoptosis ([@B6]). Recent studies have demonstrated that the loss of DAB2IP in castration-resistant prostate cancer can enhance androgen receptor signaling ([@B7]). Moreover, the tumor suppressor function of DAB2IP relies on its ability to prevent epithelial-mesenchymal transition through the inhibition of the Ras-PI3K-Akt and the Ras-NFκB signaling pathways ([@B8],[@B9]). Loss of DAB2IP is often detected among the high-risk PCa patients and this phenomenon correlates with the relapse of Prostate-specific antigen (PSA) after definitive external beam radiation therapy ([@B10],[@B11]). These studies provide evidence for the tumor suppressive role of DAB2IP. Here, we further identify a new function of DAB2IP in suppressing chromosomal instability through modulating and strengthening spindle assembly checkpoint (SAC) regulation.

Both chromosomal instability and consequent aneuploidy (the 'state' of the karyotype) have long been associated with multiple aspects of carcinogenesis ([@B12]--[@B14]). Earlier studies have reported a strong correlation between chromosomal instability and the defects in SAC ([@B14],[@B15]). The SAC is a cell-cycle surveillance system that prevents premature separation of sister chromatids until they are all correctly attached to microtubule fibers originating from opposite poles of the spindle. The bi-orientation is necessary to stabilize the tension across sister kinetochores (KTs) and to silence the SAC sensing mechanism at the KTs ([@B16]). The SAC molecules including BubR1, Bub1, Bub3, Mad1 and Mad2 form active complexes at the unattached KTs. BubR1 is the core component of SAC and is involved in recruitment and assembly of other SAC proteins at the KTs ([@B17]). Furthermore, BubR1 plays an essential role in the formation of a larger mitotic checkpoint complex with Mad2, Bub3 and Cdc20, ultimately inhibiting the anaphase-promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase complex that facilitates mitotic exit ([@B18]).

In addition to its role in SAC signaling and maintenance, BubR1 also participates in the regulation of kinetochore--microtubule (KT--MT) attachment, an essential step towards accurate chromosome segregation and stability ([@B19]). Error-free chromosome segregation relies on the formation and subsequent stabilization of the KT--MT interaction, requiring precise control of a set of mitotic factors, including BubR1 and Polo-like kinase 1 (Plk1) ([@B20]--[@B22]). Plk1 is localized at centrosomes in prophase, and then enriched at the KTs and remains there throughout pro- and metaphase. Plk1 phosphorylates BubR1 at multiple sites which is required for stable KT--MT attachment and chromosome alignment ([@B20]--[@B22]). Although multiple proteins have been reported for Plk1 activation during mitosis ([@B23],[@B24]), further investigations are still needed to identify new regulators of the Plk1--BubR1 axis critically involved in spindle-chromosome interactions and chromosome alignment.

In this study, we described DAB2IP as a positive regulator of the Plk1. DAB2IP directly interacts with Plk1 and facilitates mitotic activation of Plk1. Depletion of DAB2IP in PCa cells significantly compromises mitotic BubR1 phosphorylation resulting in increased levels of misaligned chromosomes during metaphase. We found that DAB2IP deficiency attenuates BubR1 recruitment at the KTs during prometaphase, resulting in compromised SAC activity and aberrant chromosomal segregation. Taken together, our findings report a novel function of DAB2IP in preservation of chromosome stability, highlighting a new mechanism of DAB2IP in PCa pathogenesis.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lines and treatment {#SEC2-1}
------------------------

PCa cells C4-2 and PC3 were maintained in T medium (Invitrogen, Carlsbad, CA, USA) containing 5% fetal bovine serum (FBS) (HyClone, Hudson, NH, USA), 10 mM HEPES and 1 mM sodium bicarbonate in a humidified incubator at 37°C with 5% CO2. C4-2 D2 and its control (Neo) cells were generated from C4-2 cells as described previously ([@B8]). The HCT116 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in Dulbecco\'s modified Eagle\'s medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (HyClone, Hudson, NH, USA). All cell lines were authenticated through daily monitoring of cell morphology, species verification, growth curve and mycoplasma contamination using MycoAlert PLUS mycoplasma detection kit (Lonza, Allendale, NJ, USA). For mitotic arrest, cells were treated with 50 ng/ml nocodazole (Sigma, St. Louis, MO, USA) or 10 nM paclitaxel (Sigma, St. Louis, MO, USA) for indicated times.

siRNAs and plasmids {#SEC2-2}
-------------------

Duplex siRNAs were synthesized (Invitrogen, Carlsbad, CA, USA) based on experimentally validated target sequences for DAB2IP siRNA (5′-GGAGCGCAACAGUUACCUGTT-3′), siRNA2 (5′-GGUGAAGGACUUCCUGACATT-3′) or control siRNA (5′-CTGGACTTCCAGAAGAACA-3′) ([@B6]). siRNAs were transfected into PC3 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. HCT116 cells were transfected with pGIPZDAB2IP-lentiviral-shRNAmir and pGIPZ-non-silencing-lentiviral shRNAmir ([@B8]) according to the manufacturer\'s protocol, then the cells were selected by puromycin at concentration of 0.5 μg/ml for 3--4 weeks. For rescue experiments, a DAB2IP construct (mutations underlined: 5′-[A]{.ul}GA[A]{.ul}CG[A]{.ul}AA[TTC]{.ul}TTA[TT]{.ul}T[A]{.ul}-3′) resistant to the siRNA used (5′-[G]{.ul}GA[G]{.ul}CG[C]{.ul}AA[CAG]{.ul}UUA[CC]{.ul}U[G]{.ul}-3′) was cloned into a pCDNA expression plasmid. Various expression plasmids of DAB2IP were described previously ([@B6]).

Antibodies, immunoprecipitation and Glutathione S-Transferase pull down assays {#SEC2-3}
------------------------------------------------------------------------------

The following primary antibodies were used: rabbit anti-DAB2IP, anti-BubR1 (Bethyl Laboratories, Montgomery, TX, USA); mouse anti-Ku80, rabbit anti-HA, control mouse IgG and rabbit IgG (Santa Cruz Biotechnology, Inc, Dallas, TX, USA); mouse anti-Cyclin B1, rabbit anti-Hsp70, anti-PARP (Cell Signaling Technology Danvers, MA, USA); rabbit anti-phospho--histone H3 (Ser-10) (Millipore, Bellerica, MA, USA); mouse anti-α-tubulin, anti-Flag, rabbit anti-β-actin (Sigma-Aldrich, St. Louis, MO, USA). Secondary antibodies used for immunofluorescence were Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 488 goat anti--rabbit IgG, Alexa Fluor 488 goat anti--human IgG, Alexa Fluor 568 goat anti--mouse IgG and Alexa Fluor 568 goat anti--rabbit IgG (Invitrogen Carlsbad, CA, USA).

C4-2 D2 cells were synchronized with nocodazole at prometaphase and cell lysates were incubated with anti-DAB2IP, Plk1 antibodies and protein A/G sepharose overnight. The sepharose beads were washed with lysis buffer three times and resuspended in SDS-PAGE loading buffer for immunoblot analysis using anti-DAB2IP, Plk1 antibodies. For the glutathione S-transferase (GST) pull-down assay, GST--DAB2IP-C′ fusion protein was incubated with glutathione-sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ, USA) and then incubated with recombinant Plk1 or Plk1-(POLO-Box domain) PBD proteins followed by immunoblot analysis.

*In vitro* kinase assays {#SEC2-4}
------------------------

For *in vitro* Plk1 kinase assay, immunoprecipitated endogenous Plk1 proteins from C4-2 Neo and C4-2 D2 mitotic cells (incubated with Nocodazol, 50 ng/ml for 16 h) and untreated cells were incubated in Plk1 kinase reaction buffer \[20 mM HEPES (pH 7.4), 100 mM KCl, 10 mM MgCl~2~, 1 mM EDTA, 0.5 mM DTT, 5% glycerol, 10 μM ATP and 0.17 μM γ-32P ATP\] with recombinant GST-Cdc25C as substrates. The reaction was incubated for 30 min at 30°C and stopped by adding sodium dodecyl sulfate (SDS) sample buffer. After kinase reaction, samples were subject to SDS-polyacrylamide gel electrophoresis analysis. Incorporation of ^32^P was analyzed by Typhoon 9410 Imager (GE Healthcare Life Sciences) ([@B25]).

Immunofluorescence and live cell imaging {#SEC2-5}
----------------------------------------

For immunofluorescence analysis, transfected and/or drug-treated cells were plated on 35-mm dishes with coverslips, fixed in 4% paraformaldehyde/PBS for 30 min, permeabilized in 0.5% Triton X-100/PBS for 15 min, and blocked in 5% bovine serum albumin for 30 min. The samples were incubated with anti-α-tubulin (1:1000) and anti-crest (1:2000) antibodies for 3 h, washed three times in phosphate buffered saline (PBS) (10 min each) and incubated with rhodamine red-conjugated goat anti-mouse secondary antibodies (1:1000) for 1 h. The cells were washed in PBS three times (10 min each) and mounted using VECTASHIELD with 4′, 6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). Images were taken under a fluorescence microscope (Axio Imager M2, Carl Zeiss, Thornwood, NY, USA) with AxioVision SE64 Rel.4.8 software (Carl Zeiss, Thornwood, NY, USA). To quantify inter-kinetochore distances, all images were acquired as Z-stack with 0.4 μm spacing using a 63 X objective. At least 200 kinetochores (\>5 cells) were used.

For live-cell imaging, the stable HeLa cell line expressing GFP-H2B was used. Following transfection of siRNAs (control or siDAB2IP), cells were placed on a humidified chamber maintained at 37°C with 5% CO~2~. Live-cell imaging was conducted using either a Zeiss LSM510 confocal microscope with a 63X objective or In Cell Analyzer with 60X objective. Cells were followed for 10--12 h, and images were captured at 10 min intervals as specified in the movie legends.

Chromosome spread assays {#SEC2-6}
------------------------

HCT116 and primary mouse embryonic fibroblasts (MEFs) cells were treated with 100 ng/ml colcemid (Irvine Scientific, Santa Ana, CA, USA) for 6 h. Cells were collected and hypotonically swollen in pre-warmed 75  mM KCl for 13  min at 37°C. Cells were fixed in freshly made Carnoys fixative solution (methanol: acetic acid 3:1) with 2--3 times changes of the fixative. Cells were dropped onto warmed glass slides and dried overnight. Slides were stained with 5% Giemsa for 10 min at room temperature, gently rinsed with running water, air dried and mounted. Slides were visualized using a microscope (BX51, Olympus, Tokyo, Japan) and images were recorded with SPOT Advanced software (SPOT Imaging Solutions, Sterling Heights, MI, USA).

The MTT cell proliferation assays {#SEC2-7}
---------------------------------

Exponentially growing DAB2IP-proficient and -deficient C4-2 and PC3 cells were transfected with DAB2IP-siRNA and control-siRNA, trypsinized and counted. One thousand cells were seeded per well in 96-well plates. Cells were treated with indicated doses of paclitaxel, docetaxel and BI2536 for 48 h and then assayed for viability using the previously described MTT assay ([@B26]).

Statistical analysis {#SEC2-8}
--------------------

Data are presented as the mean ± SD of at least three independent experiments. The results were tested for significance using the unpaired Student\'s *t*-test (\*\**P* \< 0.01 and \**P* \< 0.05 were considered significant).

RESULTS {#SEC3}
=======

The loss of DAB2IP causes aneuploidy and aberrant chromosome segregation {#SEC3-1}
------------------------------------------------------------------------

To determine whether loss of tumor suppressor protein DAB2IP correlated with chromosomal instability, we first analyzed the chromosome number in karyotypically-stable human colon carcinoma HCT116 cell lines. We transfected *DAB2IP* shRNA into HCT116 cells and selected stable subclones with different expression levels of DAB2IP (Figure [1A](#F1){ref-type="fig"}). The knock down of *DAB2IP* in HCT116 cells resulted in a significant increase of aneuploidy and proportion of aneuploid cells was associated with the degree of DAB2IP depletion (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). Furthermore, we analyzed whether DAB2IP loss influenced chromosome stability in primary MEFs. Chromosome spreads from two pairs of WT and DAB2IP KO primary MEFs revealed that KO cells exhibited more aneuploidy (Figure [1C](#F1){ref-type="fig"}). One potential cause of chromosomal instability is improper KT--MT attachments during metaphase which leads to subsequent chromosome lagging in anaphase ([@B27]). We then detected aberrant mitosis in PC3 cells transiently transfected with *DAB2IP* siRNA and in C4-2 cells stably expressing *DAB2IP*. We noticed that DAB2IP-expressing C4-2 cells in metaphase possessed aligned chromosomes whereas the majority of DAB2IP-deficient PC3 cells displayed misaligned chromosomes that were separated from the metaphase plates. Consistently, the expression of DAB2IP in C4-2 cells (DAB2IP deficient) caused a significant decrease in lagging chromosomes during anaphase (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}), whereas, depletion of DAB2IP in PC3 (DAB2IP proficient) cells induced lagging chromosome (Figure [1F](#F1){ref-type="fig"} and [G](#F1){ref-type="fig"}). Most importantly, the aberrant mitosis induced by DAB2IP knockdown was reversed by expressing siRNA-resistant DAB2IP protein.

![DAB2IP inhibits missegregation and aneuploidy. (**A**) Upper panel: Immunoblot analysis of the shRNA-mediated suppression of DAB2IP protein in HCT116 cells. HCT116 shD2 \#4 and \#15 are two stable subclones. Lower panel: Representative images of diploidy and aneuploidy chromosome spread in HCT116 cells. (**B**) Chromosome numbers from individual metaphase spreads of control- and DAB2IP-shRNA transfected HCT116 cells. (**C**) Chromosome numbers from individual metaphase spreads of DAB2IP knockout and wild type primary MEFs. (**D**) Representative images of normal and missegragation (lagging) or misaliged chromosomes in C4-2. Cells were stained with anti-α-tubulin and anti-crest antibodies. Scale bar, 5 μm. (**E**) Proportion of cells with chromosome-missegregation and misaligment in C4-2 Neo and C4-2 D2 cells are presented as the mean and SD from three independent experiments (\*\**P* \< 0.01 as compared with control cells). (**F**) Immunoblot analysis of the siRNA-mediated DAB2IP suppression and overexpression of siRNA-resistant DAB2IP (rD2) construct in PC3 cells. (**G**) Overexpression of siRNA-resistant DAB2IP rescued the mitotic phenotypes in PC3 siD2 cells. The results are mean and SD from three independent experiments.](gkw746fig1){#F1}

Therefore, our results suggested a strong correlation between DAB2IP deficiency and aberrant mitotic progression. To further confirm, HeLa cells expressing the H2B--GFP fusion protein were monitored under a video microscope to capture chromosome dynamics during mitotic progression (Figure [2A](#F2){ref-type="fig"}). Live cell imaging analysis showed that the siRNA-mediated depletion of DAB2IP markedly prolonged the onset of mitosis due to aberrant mitotic progression (Figure [2B](#F2){ref-type="fig"}). We observed significant increases of misaligned and lagging chromosomes in DAB2IP-deficient HeLa cells when compared with control HeLa cells (Figure [2C](#F2){ref-type="fig"}).

![Loss of DAB2IP delays mitosis progression. (**A**) HeLa GFP-H2B cells were transfected with control siRNA or DAB2IP siRNA before live cell image recording. Representative images of mitotic progression are shown 48 h after siRNA transfection (Supplementary movies 1--3). Arrows indicate representative misaligned and lagging chromosomes under evaluation. Scale bar, 10 μm. (**B**) The time elapsed between beginning of chromosome condensation onset to anaphase onset in control siRNA (n = 82) and DAB2IP siRNA cells (n = 97) treated as in A. All cells were counted from four independent experiments. (**C**) Mitotic cells with misaligned chromosomes and lagging chromosomes were quantified in cells treated as in A.](gkw746fig2){#F2}

The depletion of DAB2IP compromises the stability of KT--MT attachments {#SEC3-2}
-----------------------------------------------------------------------

The generation of misaligned chromosomes may be due to a dysregulation of the KT--MT interaction. To determine whether DAB2IP contributes to stabilizing the KT--MT attachment, DAB2IP-proficient and -deficient PCa cells were treated with ice-cold medium for different periods of time to weaken the microtubule fibers. Immunofluorescence staining was conducted on cells to count the KT--MTs status (all KT--MTs intact, few short KT--MTs or no KT--MTs) as previously described ([@B28]). DAB2IP-expressing C4-2 D2 cells were more cold-resistant compared to C4-2 Neo cells (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Many 'few short KT-MTs' persisted in C4-2 D2 cells even 20 min after cold treatment, whereas, C4-2 Neo cells had no visible KT--MT at the same time point. DAB2IP-proficient PC3 cells exhibited a more stable KT--MT interaction when compared with C4-2 cells, and depletion of DAB2IP using siRNA significantly decreased the percentage of cells with stable KT--MTs. Unstable KT-MT attachment reduces the tension of the microtubules across sister KTs at metaphase ([@B29],[@B30]). To further prove the role of DAB2IP in establishing KT--MT attachment, the inter-KT distance was measured in DAB2IP-deficeint and proficient PCa cells. In C4-2 Neo cells, the inter-KT distance between sister KTs was 1.00 ± 0.09 μM at metaphase, whereas C4-2 D2 cells increased to 1.21 ± 0.13μM (Figure [3C](#F3){ref-type="fig"}). Similarly, PC3 and DAB2IP-depleted PC3 cells have 1.62 ± 0.14 μM and 1.32 ± 0.12 μM inter-KT distance, respectively (Figure [3D](#F3){ref-type="fig"}). These results suggest that the presence of DAB2IP regulates KT--MT interaction.

![Loss of DAB2IP decreases KT--MT stability. (**A**) C4-2 Neo, C4-2 D2 and siControl, siDAB2IP transfected PC3 cells were treated with ice-cold medium for 10 and 20 min followed by MG132 treatment for 2 h and stained with anti-CREST (kinetochores; green) and anti-α-tubulin antibodies (MTs; red). Scale bar, 5 μm. (**B**) Stable KT--MTs were quantified in cold-treated cells. The bar graph indicates the percentage of cells with all KT--MTs intact (Cat1), possessing few short KT--MTs remaining (Cat2) or possessing no KT--MTs (Cat3). (**C**) Inter-distance of paired KT--MTs at metaphase in C4-2 and PC3 cells. (**D**) Average inter-kinetochore distances of C4-2 and PC3 cells. To quantify inter-kinetochore distances, all images were acquired as Z-stack with 0.4 μm spacing using a 63 X objective. At least 200 kinetochores (\>5 cells) were analyzed in each cell lines. Error bars represent SD (\*\**P* \< 0.01 as compared with control cells).](gkw746fig3){#F3}

DAB2IP deficiency impairs mitotic arrest induced by microtubule damage drugs {#SEC3-3}
----------------------------------------------------------------------------

The premature segregation of chromosomes along with a weakened SAC increases the frequency of aneuploid cells ([@B31]). To examine whether DAB2IP is involved on SAC, DAB2IP proficient and deficient PCa cells were treated with nocodazole that destabilizes microtubules and induces mitotic arrest. The mitotic index was determined by staining with a pH3-specific antibody and propidium iodide. C4-2 D2 cells exhibited a higher mitotic index compared to C4-2 Neo cells upon nocodazole treatment (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Consistent with the FACS analysis, the expression levels of mitosis specific cyclin B1 in C4-2 D2 cells was much higher compare to control C4-2 cells (Figure [4C](#F4){ref-type="fig"}). In addition, DAB2IP depleted PC3 cells and DAB2IP-knockout MEFs exhibited reduced mitotic index by nocodazole treatment when compared to DAB2IP positive cells (Figure [4D](#F4){ref-type="fig"}, [E](#F4){ref-type="fig"} and Supplementary Figure S1). Interestingly, when analyzing the mitotic progression in single cell, we observed the time for mitosis is extended in DAB2IP deficient cells that can be attributed to the generation of aberrant mitotic cells. However, we noticed a decrease of mitotic index in DAB2P-depleted cells, indicating DAB2IP might also play an important role in regulating G2-M transition. Altogether, these experiments indicated that expression of DAB2IP induced a strong mitotic spindle checkpoint, through which DAB2IP blocked premature chromosome segregation and aneuploidy.

![DAB2IP maintains a robust spindle assembly checkpoint. (**A**) C4-2 Neo/D2 cells and PC3 siCon/siD2 cells were treated with 50 ng/ml nocodazole for different times. Cells were collected and fixed at the indicated time and the percentage of pH3-positive cells were determined by flow cytometry. (**B** and **D**) Quantification of mitotic index in C4-2 Neo/D2 and PC3 siCon/siD2 cells under similar experimental conditions those mentioned in A (from 3 independent experiments). (**C** and **E**) Expression levels of DAB2IP, cyclin B1 and HSP70 were analyzed by immunoblot analysis.](gkw746fig4){#F4}

DA2BIP enhances kinetochore localization and mitotic phosphorylation of BubR1 {#SEC3-4}
-----------------------------------------------------------------------------

Our results revealed a novel role of DAB2IP in the important mitotic events such as SAC maintenance and proper chromosome--spindle interaction. Mitotic BubR1 kinase is one of the key regulators of these processes during mitotic progression and the dysregulation of BubR1 inhibits both SAC activity and chromosome congression in the metaphase plate ([@B32]). To determine whether DAB2IP participates in mitotic regulation through the BubR1 pathway, we examined the role of DAB2IP on BubR1 localization at the KT. As usual, BubR1 was strongly visible at the KTs in PC3 cells, but the depletion of DAB2IP dramatically diminished the presence of BubR1 at the KTs (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). A similar decrease of BubR1 at the KTs was also observed in DAB2IP knockdown DU145 cells (Supplementary Figure S2A). In contrast, reconstituting DAB2IP in C4-2 cells significantly restored BubR1 level at the KTs (Figure [5C](#F5){ref-type="fig"}). In addition to KT localization, phosphorylation at multiple sites of BubR1 may also contribute to its function in KT--MT attachment and proper chromosome alignment ([@B32]). DAB2IP-proficient and -deficient PCa cells were treated with nocodazole to block cell cycle progression at mitosis. Immunoblot was performed to detect the slowly migrating band of BubR1, representing its phosphorylated form ([@B33]). The knock down of DAB2IP significantly inhibited mitotic BubR1 phosphorylation in PC3 cells (Figure [5D](#F5){ref-type="fig"}), whereas its expression in C4-2 cells facilitated BubR1 phosphorylation during mitosis (Figure [5E](#F5){ref-type="fig"}). A similar phenomenon was shown in DU145 cells (Supplementary Figure S2B). We reintroduced siRNA-resistant DAB2IP into DAB2IP knockdown PC3 cells, and successfully restored the mitotic phosphorylation of Plk1 and BubR1 (Supplementary Figure S3). These results indicate that DAB2IP may recruit BubR1 to the kinetochore and facilitate BubR1 phosphorylation at the same time.

![Decreased kinetochore localization and phosphorylation of BubR1 in DAB2IP deficient PCa cells. (**A**) Representative images of strong, medium and weak BubR1 colocalization with kinetochores (CREST). Forty-eight hours after transfection with control or DAB2IP siRNA, PC3 cells were fixed and immunostained with anti-BubR1 and CREST antibodies. Colocalization of BubR1 with CREST antibody-stained structures (kinetochores) was detected under a fluorescence microscope. Scale bar, 5 μm. (**B** and **C**) Quantification of BubR1 levels (normalized by CREST) on prometaphase kinetochores in paired (B) PC3 and (C) C4-2 cells. (n = 54 cells) (\*\**P* \< 0.01 as compared with control cells). (**D**) Paired PC3 and (**E**) C4-2 cells were treated with nocodazole (50 ng/ml) for 16 h. Mitotic and untreated cells were analyzed by immunoblotting with anti-BubR1, anti-CyclinB1, anti-DAB2IP and anti-Actin antibodies. Error bars represent SD. The results represented are from 3 independent experiments. Asy, asynchronized. (\*\**P* \< 0.01 and \**P* \< 0.05 as compared with control cells).](gkw746fig5){#F5}

DAB2IP interacts with Plk1 and promotes Plk1 activation {#SEC3-5}
-------------------------------------------------------

Plk1 phosphorylates BubR1 and the Plk1-dependent phosphorylation of BubR1 is involved in KT--MT attachment and chromosome congression ([@B20],[@B21]). We assessed the mitotic induction of Plk1 autophosphorylation at Thr210 in DAB2IP-proficient and -deficient PCa cells. We found that the levels of mitotic Plk1 phosphorylation at Thr210 were consistently elevated in several DAB2IP proficient PCa cells (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). To further validate the function of DAB2IP on Plk1 activity, endogenous Plk1 were immunoprecipitated from C4-2 D2 and C4-2 Neo cells for *in vitro* kinase assay using Cdc25C as the substrate. Our result revealed that Plk1-mediated Cdc25C phosphorylation was markedly enhanced in C4-2 D2 when compared to C4-2 Neo, suggesting that DAB2IP promotes activation of Plk1 (Figure [6C](#F6){ref-type="fig"}).

![DAB2IP interacts with Plk1 and promotes Plk1 activity. (**A**) Paired PC3 and (**B**) C4-2 cells were treated with nocodazole (50 ng/ml) for 16 h. Mitotic cells and untreated cells were analyzed by immunoblotting with anti- phospho-Plk1 (Thr210), anti-Plk1 and anti-Actin antibodies. (**C**) Mitotic and untreated C4-2 Neo and C4-2 D2 cells were analyzed for Plk1 activity by the Plk1 kinase assay using GST-Cdc25C as the substrate. Phosphorylation of GST-Cdc25C was visualized by autoradiography. Immunoblot analysis of Plk1 showed similar levels of Plk1 in the kinase assay. (**D**) C4-2 D2 cells were synchronized with nocodazole (50 ng/ml) for 16 h and mitotic cells were collected by shake off. Mitotic cell lysates were immunoprecipitated with anti-DAB2IP, anti-Plk1 antibodies or rabbit IgG followed by immunoblot analysis to detect DAB2IP and Plk1 levels. (**E**) Top: Schema of the truncated domains of DAB2IP. Bottom: Various cDNA constructs of DAB2IP truncations were co-transfected with HA-Plk1 into 293T cells and immunoprecipitated using anti-Flag antibody; HA signal was examined by Western blotting. (**F**) Direct protein--protein interaction between DAB2IP and Plk1. GST fusion proteins carrying C-terminal of DAB2IP was incubated with His-tagged full-length Plk1 or Plk1-PBD domain followed by glutathione agarose pull-down. The bound Plk1 or PBD domain was detected by anti-His antibody.](gkw746fig6){#F6}

We further tested whether DAB2IP could interact with Plk1 during mitosis. Mitotic C4-2 D2 cells were enriched using nocodazole treatment and were harvested by mitotic shake off. Synchronized cell lysates were subjected to co-IP with anti-DAB2IP or anti-Plk1 antibodies. Consistently, DAB2IP and Plk1 association was detected in reciprocal co-IP analyses (Figure [6D](#F6){ref-type="fig"}). To further characterize DAB2IP and Plk1 interactions, Flag-tagged DAB2IP expression constructs, which cover various regions of DAB2IP, were co-transfected with HA-Plk1 in 293T cells followed by co-IP using an anti-Flag antibody. Our data indicated that the CPR domain of DAB2IP interacts with Plk1 (Figure [6E](#F6){ref-type="fig"}). To further confirm the direct protein--protein interaction between DAB2IP and Plk1, the full length His-tagged Plk1 was expressed and purified from *E. coli* and was subjected to a GST pull-down experiment using GST alone or GST fused with DAB2IP C-terminal domain. His-Plk1 could directly interact with DAB2IP C-terminal domain (Figure [6F](#F6){ref-type="fig"}). This interaction is mediated by the polo-box domain of Plk1 as it could also interact with DAB2IP-C' *in vitro* (Figure [6F](#F6){ref-type="fig"}).

DAB2IP deficient prostate cancer cells are resistant to microtubule-stabilizing drugs and Plk1 inhibitor {#SEC3-6}
--------------------------------------------------------------------------------------------------------

Microtubule-stabilizing agents have been extensively used in the treatment of solid tumors including prostate cancer ([@B34],[@B35]). However, resistance to chemotherapy can develop leading to poor clinical outcomes for patients ([@B36],[@B37]). These anti-mitotic drugs, such as paclitaxel, inhibit cancer cells by SAC mediated mitotic arrest and catastrophe ([@B38]). Cancer cells with weakened SAC function were found to be resistant to these microtubule inhibitors ([@B39]). Consistently, we found that DAB2IP expression increased paclitaxel-induced mitotic arrest in C4-2 D2 and PC3 siCon cells as compared to DAB2IP deficient cells (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}). In addition, we demonstrated that DAB2IP-proficient PCa cells exhibit higher sensitivity toward paclitaxel or docetaxel treatment as compare to DAB2IP-deficient cells (Figure [7C](#F7){ref-type="fig"} and [D](#F7){ref-type="fig"}). Multiple studies have revealed that protracted mitotic arrest plays a pivotal role in post mitotic cell death ([@B40]). We noticed that PARP-1 cleavage was greater in C4-2 D2 cells when compared to C4-2 Neo cells in response to paclitaxel (Figure [7F](#F7){ref-type="fig"}). Similar results were also observed in HeLa cells (Supplementary Figure S4).

![DAB2IP enhances the chemosensitivity of PCa cells with microtubule-stabilizing drugs and Plk1 inhibitor. (**A** and **B**) Paired C4-2 and PC3 cells were treated with paclitaxel, BI2536 and collected at 24 h. Proportion of pH3-positive cells were analyzed by FC. (**C, D** and **E**) Paired C4-2 and PC3 cells were exposed to different concentrations of the indicated chemotherapeutic drugs for 48 h and MTT assay was performed. Results obtained from three independent experiments (means ± SD); (\*\**P* \< 0.01 and \**P* \< 0.05 as compared with control cells). (**F**) Cells were lysed 24 h after exposure to the indicated concentration of paclitaxel and subjected to immunoblotting with anti-PARP, anti-DAB2IP and anti-Actin antibodies. (**G**) Proposed model of the role of DAB2IP in mitosis regulation.](gkw746fig7){#F7}

Since our results clearly showed that DAB2IP promote Plk1 activity, DAB2IP-proficient tumors might exhibit an addiction to Plk1 kinase and hence demonstrate a hypersensitivity to Plk1 inhibitor. Consistent with this notion, DAB2IP-proficient PCa cells were found to be highly sensitive to the specific Plk1 inhibitor BI2536 (Figure [7E](#F7){ref-type="fig"}).

DISCUSSION {#SEC4}
==========

DAB2IP is a tumor suppressor protein that negatively modulates multiple oncogenic signaling pathways ([@B6],[@B8],[@B41]). In this study, we revealed a novel role of DAB2IP in regulating chromosome--spindle interaction (Figure [3](#F3){ref-type="fig"}) and mitotic SAC (Figure [4](#F4){ref-type="fig"}). The loss of DAB2IP disrupted KT--MT attachment and inhibited SAC activity, both of which are leading factors for chromosomal instability and tumorigenesis. Hence, our current study provides a unique molecular mechanism, in which DAB2IP functions as a gate keeper of chromosomal stability, ensuring proper chromosome congression and segregation during mitosis.

Plk1 is considered as a central regulator of mitotic progression from mitotic entry to exit ([@B42]). Our findings confirmed that DAB2IP facilitates mitotic checkpoints and chromosome congression via Plk1 activation. Plk1 localizes on unattached KTs and plays pivotal role in promoting MT--KT interaction and regulation of SAC ([@B42]). The activation process of Plk1 initiates after the interaction of its C-terminal polo-box domain with a series of targets proteins, followed by the release of its N-terminal kinase domain ([@B42]). We showed that DAB2IP directly interacts with the PBD domain of Plk1 and promoting its activation (Figure [6](#F6){ref-type="fig"}). Plk1 or other kinases primarily phosphorylate substrates to create a docking site for the PBD domain of Plk1 and then recruit more Plk1 to enhance its concentration and activity. The results of this study provide an opportunity to further explore whether DAB2IP is a target of Plk1 kinase or other mitotic kinases.

Activated Plk1 phosphorylates a set of kinetochore proteins, such as Mps1. Phosphorylated Mps1 facilitates its catalytic activity and enhances kinetochores localization of SAC components such as Mad1, Mad2, Bub3 and BubR1 ([@B43]). As mentioned earlier, BubR1 is a core component of the mitotic checkpoint complex ([@B17]). The loss of BubR1 localization at the kinetochore compromises the mitotic checkpoint resulting in delaying anaphase onset ([@B32]). We showed that, DAB2IP positively regulates BubR1 kinetochore localization during mitosis (Figure [5](#F5){ref-type="fig"}). Therefore, by comparing the roles of BubR1 in SAC, we believe that the presence of DAB2IP strengthens SAC in response to microtubule-damaging agents such as nocodazole (Figure [4](#F4){ref-type="fig"}). Furthermore, Plk1 can also directly phosphorylate BubR1. This Plk1-mediated phosphorylation of BubR1 is required for the generation of 3F3/2 epitope, which is associated with intra-KT tension ([@B44]). In addition, Plk1-mediated BubR1 phosphorylation is also involved in stabilizing KT--MT attachment and regulating chromosome congression ([@B20],[@B21]). The contribution of mitotic phosphorylation of BubR1 by Plk1 to KT--MT attachments has been unclear until recently report from Kops *et al*. where they reported KARD domain of BubR1 is the Plk1-mediated phosphorylation sites and is required for interaction with PP2A-B56α. They also reported this interaction is necessary to harness the Aurora B activity on the outer KTs to stabilize KT--MT interaction and facilitate chromosome alignment in metaphase ([@B20]). Our data showed that DAB2IP promotes mitotic phosphorylation of BubR1 and also helps to stabilize KT--MT attachment (Figure [3](#F3){ref-type="fig"}). A number of outstanding mechanisms should be studied further: (i) Whether DAB2IP-induced Plk1 activation participates in mitotic BubR1 phosphorylation and (ii) whether DAB2IP-mediated phosphorylation of BubR1 also facilitates KT-spindle interaction by antagonizing Aurora B activity.

DAB2IP seems to regulate mitotic progression via Plk1 activation. The overexpression of Plk1 has been observed in prostate cancer and its expression levels highly correlate with tumor grade, tumorigenesis and progression ([@B45],[@B46]). However, missense mutations of Plk1 were also found in cancer cells ([@B33],[@B47]). BubR1 also functions as a barrier to block genomic instability; mutations in BubR1 cause the cancer-susceptible disease Mosaic Variegated Aneuploidy (MVA). Cells derived from MVA patients exhibit an impaired mitotic checkpoint and chromosome misalignment ([@B48]), similarly to DAB2IP-deficient cells. The complete loss of SAC is lethal even for tumor cells. However, the partial loss of SAC in concomitance with aberrant chromosome congression is responsible for chromosome missegregation and aneuploidy. We have established the tumor suppressive role of DAB2IP which is partially due to its ability to prevent chromosome missegregation and aneuploidy.

Persistent trapping of cells in mitosis by SAC leads to apoptosis in a Cdk1-dependent manner ([@B49]). However, mitotic slippage limits the efficacy of these Cdk inhibitors. Our results demonstrated that the presence of DAB2IP could also increase the sensitivity of PCa cells to paclitaxel or docetaxel (Figure [7](#F7){ref-type="fig"}) suggesting that the increased cytotoxicity induced by these drugs might stem from the prolonged mitotic block mediated by robust SAC in DAB2IP-proficient PCa cells. In addition, several reports indicated that molecular targeting of Plk1 also blocks cells during mitosis and could be an effective strategy in cancer therapy ([@B50]). BI2536 is a specific inhibitor of Plk1 and was tested in a now completed phase II clinical trial of non-small cell lung cancer, pancreatic cancer or hormone-refractory prostate cancer ([@B51]). We reported DAB2IP proficient cells showed increased BI2536-induced mitotic arrest (Figure [7](#F7){ref-type="fig"}).

Based on results, we propose a tentative model for DAB2IP\'s role in mitosis regulation (Figure [7G](#F7){ref-type="fig"}). DAB2IP could promote the activation of Plk1 during mitosis, subsequently phosphorylating and facilitating the KT localization of BubR1, and reinforcing SAC activity and chromosome stability. The loss of DAB2IP increases chromosome misalignment and compromises SAC activity ultimately contributing to aneuploidy and subsequent tumorigenesis and chemoresistance.
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